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Abstract
Fluid dynamics of turbomachines are complicated be-
cause of aerodynamic interactions between rotors and sta-
tors. It is necessary to understand the aerodynamics as-
sociated with these interactionsin order to design turbo-
machines that are both light and compact as well as re-
liableand efficient.The current study uses an unsteady,
thin-layerNavier-Stokes zonal approach to investigatethe
unsteady aerodynamics of a multistage compressor. Rela-
tivemotion between rotors and statorsismade possibleby
the use of systems of patched and overlaid grids. Results
have been computed for a 21-stage compressor configura-
tion. The numerical data compare well with experimcntai
data forsurface pressuresand wakes. In addition,the effect
of grid refinement on the solution is studied.
Nomenclature
JP--PT;
C r Pressure coefficient, C v =
C_ Inlet axial velocity
F Airfoil force per unit span normalized by Qv.
and r
P Pressure
PT'_ Compressor inlet absolute Total Pressure
Qu,_ Dynamic pressure based on Um
T Time normalized by airfoil passing period
t Tangential distance normalized by I"
Um Wheel speed at midspan
W Relative flow speed
x Axial distance
pi Compressor inlet density
r Airfoil pitch
¢ Flow coefficient, ¢ = C,/U,_
Subscripts
t Tangential component
x Axial component
Introduction
Simulations of flows within turbomachines are chal-
lenging because of the complicated rotating geometries and
unsteady flow structures. Designers are often required to
place airfoils close together to minimize engine weight and
size. This leads to aerodynamic interactions between rotor
and stator airfoils. Part of the interaction is due to the
inviscid potential effect between closely spaced rotor and
stator airfoils. Viscous effects also contribute to the un-
steady interactions. The angle of attack of an airfoil can
vary widely as it passes through the wake of an upstream
airfoil, because of the velocity deficit in the wake. Unsteady
variations in angle of attack coupled with local adverse pres-
sure gradients can cause unsteady separation. In addition,
trailing-edge vortex shedding can increase the unsteadiness
of the system. Simulation of the unsteady flow in a turbo-
machine can lead to an understanding of the aerodynamic
interactions that occur.
Most methods used today to simulate flows in tur-
bomachines are for either cascade flows or time-averaged
flows through several airfoil rows. Simulations by Davis et
ai. (1988), Choi and Knight (1988), Subramanian et al.
(1986) and Weinberg et al. (1986) are representative of
these methods, but by no means make an exhaustive list
of the methods available. Perturbation techniques can be
applied to these simulations for an estimate of the unsteadi-
ness for weak interactions. Distorting-grid techniques, de-
scribed by Gibeling et al. (1986), can be used to investi-
gate flows in which relative motion exists between rotors
and stators. In these techniques, a single grid is wrapped
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Fig. I. Zonal grid system.
about both airfoils and sheared as the airfoils move relative
to one another. When the distortion in the grid exceeds a
certain level, the solution is interpolated onto a new, undis-
torted grid. However, this method may produce inaccurate
solutions because of the grid distortion if the airfoils axe
too closely spaced.
For this reason, Rai (1987) and Ral and Madavan
(1988) used a system of patched and overlaid grids to com-
pute the rotor-stator interaction problem in a single-stage
turbine. Body-fitted "O" grids with fine-grid spacing at the
airfoil surfaces were used to capture viscous effects near the
airfoil surface. These "O" grids were overlaid on sheared
Cartesian "H" grids, which were allowed to slip past each
other to simulate the interaction problem. The ROTOR-
2 code resulted from these efforts to simulate rotor-stator
interaction for slngle-stage turbine configurations. The
STAGE-2 code, used in the present study, is an extension
of ROTOR-2 for multistage turbomachines. Results from
STAG E-2 were compared with experimental data for both a
multlst age compressor and a single-stage turbine in Gundy-
Butler et al. (1989).
STAGE-2 is currently being used to further investigate
the flow in the multistage compressor. The 2½-compressor
geometry was chosen for the present analysis because a
large body of experimental data is available for the mul-
tistage compressor. Much of the experimental data is sum-
marized and tabulated in Dring and Joslyn (1985). This
compressor is also part of the AGARD (1989) collection of
test cases for computation of internal flows in nero-engine
components. In addition, both steady and unsteady laser
doppler velocimetry (LDV) data have been taken in the sec-
ond stage of the compressor. These data are presented by
Stauter, Dring, and Carta (1990) in Part 1 of this paper.
Comparisons, in the present report, of STAGE-2 calcula-
tions with experimental data include time-averaged pres-
sures and wake velocity profiles. The effect of grid refine-
ment on the solution is studied, and instantaneous entropy
contours for the 2½-stage compressor are presented. The
computed results are in good agreement with experimental
data.
Approach
The current work is an extension of an algorithm devel-
oped by Rai and is discussed in detail in Rai and Chakra-
varthy (1986). The algorithm is discussed in brief here.
The flow field is divided into two basic types of zones. The
thin-layer Navier-Stokes equations are solved in inner zones
near the airfoil where viscous effects are important. The
Euler equations are used in outer zones where viscous ef-
fects are weak. These equations are cast in the strong con-
servative form. A fully implicit finite difference method
is used to advance the solution of the nonlinear equations
in time. At each time step, four Newton-Raphson itera-
tions are used to reduce the factorization and linearization
errors by an order of magnitude. The convective terms
are evaluated using a third-order-accurate upwind-biased
Osher scheme, and the viscous terms are evaluated us-
ing second-order central differences. The Baldwin-Lomax
(1978) turbulence model is used to compute the turbu-
lent eddy viscosity. Details of the turbulence model, zonal
and natural boundary conditions, grid configuration, book-
keeping system, and database management systems are dis-
cussed in Gundy-Burlet et al. (1989).
Grid System
The grid system for the 2½-stage compressor geometry
is shown in Fig. 1. The experimental compressor geome-
try consists of an inlet guide vane (IGV) followed by two
nearly identical stages. The only difference between the
stages is that the first-stage rotor is closed 3 ° relative to
the second-stage rotor. The only deviation from the origi-
nal design was that the axial gaps between the rotors and
stators were increased slightly to permit the incorporation
of a radial-circumferential traverse system. All airfoils are
defined by NACA 65-series sections with circular-axe mean
camber lines. There are 44 airfoils in each row. The hub
and casing are at a constant radius along the axis of the
compressor. These features make the compressor ideal for
computational modeling.
The computation was performed using the midspan
experimental geometry. It was assumed that the flow is pe-
riodic from airfoil to airfoil in the circumferential direction,
so the flow through only one airfoil-to-airfoil passage was
computed. In addition, the experimental IGV geometry
was unavailable at the time this calculation was initiated,
so a 0.8%-thick parabolic arc airfoil was used. These as-
sumptions are not expected to significantly affect the com-
parison between the computation and the experiment.
Fig. 2. Instantaneous entropy contours.
Two types of grids axe used to discretize the flow about
each of the airfoils, as seen in Fig. 1. An inner "O" grid,
generated using an elliptical method, is used to resolve the
viscous effects near the airfoil. The "0" grid is then overlaid
on an algebraically generated, sheared Cartesian outer grid.
The outer grids are allowed to slip past each other to model
the relative motion between rotorg and stators. Using this
system, 12 grids are required to fully discretize the flow
field through the 2_-stage compressor.
Two different grids were used to study the effect of
grid refinement on the solution. Every other point in the
coarse grid is displayed in Fig. 1. The inner grids have
151 x 31 grid points each, and the outer grids have 86 x 61
grid points each. The inlet and exit grids have 28 × 6] and
30 x 61 grid points each, respectively. The total number of
points in all 12 zones of the coarse grid is 53,173.
Experimental data exists only for the second stage of
the compressor. In order to reduce the computational time
required for a grid refinement study, grid refinement was
done only in the second stage of the compressor. The
second-stage inner grids were refined to have 301 × 61 points
each while the second-stage outer grids were refined to have
171 x 121 grid points each. The exit-grid size was increased
to 59 x 121. Thus, the fine-grid cells are one quarter the
area of the coarse-grid cells. The total number of points for
the fine-grid system was 116,732.
Results
Results for the 2-_-stage compressor configuration
shown in Fig. 1 are presented in this section. For the
53,000-point coarse grid used in this study, 500 time steps
are used for each blade-passing time. Each time step re-
quires 3.9 CPU seconds on a Cray YMP. Time-averaged
quantities converge within 10 blade passings, but the pres-
ence of multiple stages increases the time required to
achieve a time-periodic solution, as compared to a single-
stage system. Acoustic signals must travel a larger distance
to exit from a multistage system. In addition, these signals
reflect off airfoils and the reflections take time to exit the
system. Depending on the level of convergence required of
the time-periodic solution, between 5 and 40 hours of CPU
time are needed for the calculations.
Several items must be taken into consideration when
comparing these results with the experimental data. The
experiment is inherently three-dimensional, while the com-
putations are two-dimensional. Hub-corner separation, tip-
leakage effects, and end-wall boundary-layer growth are not
modeled. In the experiment, the end-wall boundary-layer
growth generates a stream-tube contraction that increases
the axial velocity at midspan along the axis of the compres-
sor; the midspan exit axial velocity is increased to 110% of
the midspan inlet velocity. This increase is not reflected
in the calculation because the stream-tube contraction is
currently not modeled.
The calculation was performed at an inlet Mach num-
ber of 0.07 and a Reynolds number of 7.00,000 per inch
based on inlet conditions. These values were set to match
the experimental operating conditions. The experimental
flow coefficient is _ = 0.51. The exit static-pressure coef-
ficient for the experiment is Up = 1.11. It is not possible
to match the computational values with both the experi-
mental pressure rise and the experimental flow coefficient
because the stream-tube contraction is not modeled.
The first comparison typically made between calcula-
tion and experiment is of the time-averaged pressures on the
rotors and stators. As data is available only for the second
stage of the compressor, setting the exit pressure equal to
the experimental value and allowing the flow coefficient to
float provide a reasonable comparison between computa-
tion and experiment. The mass flow rate in the calcula-
tion then adjusts itself to the pressure rise specified. Only
the Riemann invariants (functions of velocity and speed of
sound), total pressure, and flow angle are specified at the
inlet, so the final time-averaged values of velocity and static
pressure may vary from the initial condition. The flow co-
efficient in the calculation increased to _ = 0.524 as the
periodic steady state was reached. The flow coefficient for
the experiment was _ = 0.51.
In order to demonstrate the complexity of the flow
field, instantaneous entropy contours are shown in Fig. 2.
Entropy was chosen to display the viscous nature of the flow
because, unlike total pressure, entropy is invariant with ref-
erence frame. These results were computed using refined
grids in the second stage of the compressor. The entropy
contours illustrate the depth and width of the wake for the
inlet guide vane as well as for the rotors and stators. The
wakes generated in the second stage of the compressor are
better resolved than the wakes generated in the first stage
of the compressor. Although it is difficult to see this in Fig.
2, the difference in resolution of the wakes becomes clear
in subsequent figures (in particular, Fig. 5). The numerl-
ca] dissipation associated with the coarse-grid resolution of
the first stage of the compressor causes the wakes to diffuse
more rapidly than they would have with a fine grid. Be-
cause the wakes from the first stage of the compressor are
more diffuse, the general level of unsteadiness seen by the
second stage of the compressor (especially the second-stage
rotor) is expected to be underpredicted. All grids would
have to be refined to get a more accurate estimate of the
amplitude of the unsteady behavior in the compressor.
The flow field in the second stage of the compressor is
complicated by the accumulation of the convected wakes.
V_akes from the first-stage rotor and stator penetrate into
the second stage of the compressor_ despite the lack of grid
resolution in the first stage. Both wake/wake interactions
and wake/airfoil interactions occur in the flow field. The
impact of the difference in convection rate from the suction
side of an airfoil to the pressure side of an airfoil is also
evident, particularly on the second-stage rotor. The circu-
lation around the airfoils produces a streamwise displace-
ment of the wakes as they are convected along the suction
and pressure surfaces. The circulation aiso causes a rota-
tion of the chopped-wake segments as they are convected
through the airfoil-to-airfoil passages. It is clear from Fig.
2 that wakes can be convected many chords downstream to
interact with other airfoils. This causes unsteady variations
in flow variables in the later stages of the compressor to be
more complex than in the early stages.
As the downstream airfoils move through the wakes
of the upstream airfoil rows, the wake/airfoil interaction
causes the surface pressures to fluctuate. The airfoil sur-
face pressures also fluctuate because of interactions with the
potential flow fields of the upstream and downstream airfoil
rows. The pressure distributions for the second-stage rotor
and stator are presented in Fig. 3 in terms of the time-
averaged surface pressures. The shaded band indicates the
temporal maximum and miminum over a cycle caused by
the fluctuations mentioned above. The time-averaged static
pressure is arrived at by averaging the instantaneous static
pressures over one cycle. A cycle is defined as the time it
takes for the rotor to move from its position relative to one
stator to the corresponding position with respect to the
next stator. Pressure is plotted against axial position in
the compressor. The axial distance between the rotor and
stator results is the actual axial gap.
The symbols in Fig. 3 represent measured data for this
compressor that had been reported previously by 3oslyn
and Dring (1989a). The data was acquired using long
lengths of instrumentation tubing between the rotor and
stator surface pressure taps and the rotating and station-
ary frame transducers, respectively. Thus, the measure-
ments are presumed to be indicative of the time-averaged
surface static pressure.
The agreement between the calculation and the exper-
imental data is good. The small differences between them
at the leading and trailing edges are due primarily to the
mismatch in axial velocity. Although the flow coefficient in
the experiment was 0.51 when averaged from hub to tip, a
stream-tube contraction caused the flow coefcient at the
midspan to be 0.54 at the inlet to the second stage.
The band in Fig. 3 indicating the temporal maximum
and minimum of the local surface static pressure on the ro-
tor and stator is nearly uniform in width around both sides
of both airfoils. The increase in this unsteady amplitude
near the leading edges may be related to the wakes of the
upstream airfoil. However, it may also be related to the
large gradient in the time-averaged pressure at the lead-
ing edge. The amplitude of the unsteady static pressure
is approximately 10% of the airfoil loading. The pressure
amplitude is also evident in the pressure-force results pre-
sented in Fig. 4 and discussed below. Both the rotor and
stator airfoils show a pressure spike at the trailing edge.
The trailing-edge spikes in this fine-grid calculation are one-
third the size of the trailing-edge spikes in the coarse-grid
calculation; this shows that the spikes are strongly depen-
dent on grid resolution.
Close inspection of computed flow velocities at one in-
stant in time near the second-stage stator shows the pres-
ence of a thin separation bubble from about 80% chord to
the stator trailing edge. The separation bubble became ap-
parent only under very high magnification of the results. It
is undetectable at the scale of the results presented in Fig.
2 and does not appear to strongly affect the comparison
with experment in Fig. 3. The temporal behavior of the
separation bubble has not yet been examined.
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Fig. 3. Surface pressures in the second stage of the com-
pressor.
The existence of the separation bubble contrasts with
previous flow visualization of the airfoils, which had indi-
cated that at midspan both the rotor and stator suction-
surface boundary layers are attached all the way to the
trailing edge (Joslyn and Dring, 1989b). These two results
are reconciled as follows. The turbulence model used in the
present calculation is the fully turbulent Baldwin and Lo-
max (1978) modal; Joslyn and Dring (1989b) showed that
if the boundary layers were fully turbulent, both the ro-
tor and stator would experience boundary layer separation
at about the 80% chord location. They also demonstrated
that the boundary layers had to be transitional to remain
attached to the trailing edge. Transitional modeling was
beyond the scope of the present calculation.
In spite of the fact that the separation bubble on the
stator did not seem to have any major impact on the pres-
sure distribution, its presence should be kept in mind
throughout the remainder of this assessment.
The instantaneous surface static pressures were inte-
grated around the perimeter of the rotor and stator to pro-
duce the periodic variation of the pressure-force vector on
each airfoil for both a coarse-grid and a fine-grid calcula-
tion. A similar integration for the skin-friction force has
not been carried out yet. The instantaneous axial and cir-
cumferential components of the force are plotted as a polar
curve for the second-stage rotor in Fig. 4a and for the
second-stage stator in Fig. 4b. The squares indicate the
time-averaged values of the forces, computed with the fine
grid. The direction of the time-averaged force and the nor-
real to the stagger angle of each airfoil are included in the
plots as reference.
These polar plots provide a good measure of the pe-
riodic convergence of the solution. At the periodic steady
state, the force polar plot for one cycle should lay on top
of the curve for the previous cycle. The coarse-grid results
shown here are converged to this criterion. The fine.grid
results show small variations from cycle to cycle, but are
considered close to convergence. A time-accuracy study
has been carried out for the coarse grid. Solutions were
carried out at time steps of 500, 1000 and 2000 steps per
cycle. Although not shown here, the force polar plots for
each of these time steps compared weU with those for the
other time steps. This indicates that the periodic solution
is independent of the time steps used in this study.
The coarse- and fine-grid solutions are qualitatively
similar for the second-stage rotor shown in Fig. 4a. Be-
cause only the grids in the second stage of the compressor
were refined for the fine-grid calculation, the wakes for the
airfoils upstream of the second-stage rotor are computed on
identical grids for both the fine and coarse grids. There are
larger differences between the coarse- and fine-grid solutions
for the second-stage stator shown in Fig. 4b, because of the
difference in resolution of the second-stage rotor wake. The
amplitude of the fine-grid force on the second-stage sta-
tor is approximately 40% larger than the amplitude of the
coarse-grid force.
The unsteady forces are dominated by the variation in
the lift component of the force. For brevity, "lift" is defined
as the component of force normal to the stagger angle and
"drag" as the component of force parallel to the stagger
angle. The magnitude of the unsteady force is typically
10% of the time average for the relatively large rotor/stator
axial gaps found in this compressor. These axial gaps are
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twiceaslargeasthosefoundin a typical modern engine.
The unsteadiness is largely contained in the lift com-
ponent of the force. Figs. 4c and 4d show the lift and
drag components of the force plotted against time for the
second-stage rotor and stator, respectively. The curves vary
smoothly, indicating that the unsteadiness in the force is
not due to a narrow wake, but is distributed more uni-
formly, as one might expect for a potential interaction. Had
the axial gaps between airfoil rows been smaller, the wake
contribution might have been more pronounced.
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The effect of grid refinement on wake profiles can be
seen in Fig. 5. Time-averaged relative velocities for the
coarse grid, fine grid, and experiment (Stauter, et al. 1990)
are plotted against tangenti.al displacement from the rotor
trailing edge. This comparison is at an axial location 26% of
the rotor axial chord downstream of the second-stage rotor
trailing edge. The fine-grid calculation is in good agreement
with the experimental data in terms of wake depth, width,
and location. The wake depths for the coarse-grid results
are shallower than for the experimental data and are visibly
displaced. The fine-grid and experimental results have a
displacement approximately 50% greater than those of the
coarse grid. This is caused by the different computed rotor
exit-flow angles which resulted from the difference in airfoil
loading between the coarse- and fine-grid solutions seen in
Fig. 4a; these results also suggest that solutions should be
computed with several different grid densities in order to
determine the asymptotic behavior of the solution with grid
refinement. The remainder of the wake profile comparisons
will be between the measured data (Stanter, et al. 1990)
and the fine-grid results.
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Fig. 5. Wake profiles 26% behind rotor for fine grid, coarse
grid, and experiment.
A comparison of the fine-grid and the experimental
data is made at axial locations nominally 2%, 8%, 15%,
and 26% aft of the rotor trailing edge (Figs. 6a-6d). Both
the computed and the measured results are presented in
terms of their temporal maximum, temporal minimum, and
time average. The temporal fluctuation is caused by the
interaction with the upstream stator's wake (see Fig. 2), as
well as by the potential field of the downstream stator.
Generally, at each axial location, the agreement is good
between the measured and computed time-averaged results
for wake depth, width, and tangential location. The great-
est differences between the measured and computed results
are in the regions between wakes, where there are system-
atic (albeit small) differences. This can be seen most clearly
on the suction-surface side of the wake, where the wake
merges with the "free stream". At all axial locations, the
prediction at this tangential location is typically 5% greater
than the measured results. These differences are proba-
bly related to the nature of the mixing of the wakes, the
lack of resolution of the upstream wakes, and the inability
to model three-dimensional effects with a two-dimensional
calculation.
Flow-speed fluctuations are given, in Figs. 6a-6d, by
the width of the band between the instantaneous maxi-
mum and minimum relative velocities. The agreement be-
tween the measured and computed fluctuations is reason-
ably good. While the maximum-to-minimum band width
of the computation is generally smaller than that of the
experiment, many of the features have been captured in
the computation, most notably the increase in band width
with distance aft of the rotor. As pointed out by Stauter
et al. (1990), this increase is due to the potential field of
the downstream stator.
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Fig. 6a. Wake profiles 2% aft of the second-stage rotor.
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Fig. 6d. Wake profiles 26% aft of the second-stage rotor.
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Fig. 6b. Wake profiles 8% aft of the second-stage rotor.
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Fig. 6c. Wake profiles 15% aft of the second-stage rotor.
Conclusions
A third-order-accurate upwind-biased Navier-Stokes
zonal code (STAGF_,-2) has been developed to compute flows
in multistage turbomachines. Systems of overlaid and
patched grids are used to resolve viscous effects near air-
foils allowing the rotor/stator interaction problem to be
modeled. Flexible database and bookkeeping systems are
used to allow flows to be computed in turbomachines with
any number of stages.
Results from STAGE-2 compared well with experimen-
tal data for both surface pressures and wake profiles. Grid
refinement substantially improved the agreement with ex-
periment for the wake profiles, although static pressures
were relatively insensitive to grid refinement. The tempo-
ral variation in airfoil force was 10% of the time-averaged
force for the relatively large axial gaps found in this com-
pressor. Strong viscous interactions were demonstratedby
the use of entropy contours. The flow within the second
stage of the compressor was highly complex, indicating the
importance of unsteady-flow analysis in a multistage tur-
bomachine.
With smaller axial gaps between the rotors and stators
of modern engines, it can be anticipated that the interac-
tions in general will be stronger and the unsteady forces in
particular will be much larger than those for the compressor
studied here.
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